Abstract Objective: To compare a system that continuously monitors cardiac output by the Fick principle with measurements by the thermodilution technique in pediatric patients.
Design: Prospective direct comparison of the above two techniques.
Setting: Pediatric intensive care
unit of a university hospital.
Patients: 25 infants and children, aged 1 week to 17 years (median 10 months), who had undergone open heart surgery were studied. Only patients without an endotracheal tube leak and without a residual shunt were included.
Methods:
The system based on the Fick principle uses measurements of oxygen consumption taken by a metabolic monitor and of arterial and mixed venous oxygen saturation taken by pulse-and fiberoptic oximetry to calculate cardiac output every 20 s.
Interventions:
In every patient one pair of measurements was taken.
Continuous Fick and thermodilution cardiac output measurements were performed simultaneously, with the examiners remaining ignorant of the results of the other method.
Results: Cardiac output measurements ranged from 0.21 to 4.55 1/min. A good correlation coefficient was found: r 2 = 0.98; P < 0.001; SEE = 0.14 1/min. The bias is absolute values and in percent of average cardiac output was -0.05 l/rain or -4.4% with a precision of 0.32 1/min or 21.3% at 2 SD, respectively. The difference was most marked in a neonate with low cardiac output.
Introduction
In the last 5 years the value of monitoring multiple cardiopulmonary variables in critically ill patients has been established [1, 21. Thermodilution has become the most popular method of cardiac output determination in the ICU. However, in recent years several devices have become available to monitor continuously mixed venous and arterial 02 saturation as well as oxygen uptake and carbon dioxide production [-3-6] . In adults these devices, coupled with a microcomputer, have been used to measure cardiac output continuously by the Fick principle [7] [8] [9] [10] . The purpose of this study was to compare such a system with the cardiac output determination by the thermodilution technique in critically ill pediatric patients.
Methods
The components of the system based on the Fick principle are commercially available and in widespread use. Respiratory gas exchange was monitored by the Deltatrac Metabolic Monitor I (Datex, Finland) with a pediatric mixing chamber. Mixed venous 02 saturation was continuously measured using a fiberoptic pulmonary artery catheter and the Oximetrix III system (Abbott). These two devices were calibrated regularly according to the recommendations of the manufacturer. Arterial 02 saturation was obtained from a Nellcor 200 pulse oximeter (Nellcor, Hayward, Calif.) . Continuous values for heart rate and for mean systemic and pulmonary arterial blood pressures were obtained from a monitoring system (Hewlett Packard, Waltham Mass.). A personal computer was used to process data from the measuring devices and the keyboard. The metabolic monitor, pulse oximeter, and mixed venous O2 saturation systems communicated digital information via asynchronous communication ports while the data from the monitoring system were received by an analog-todigital converter. A computer program (Dataperformance, Munich, FRG) was written to acquire, process, and store the data. Calculation of hemodynamic parameters was performed every 20 s using the following formula: where CO is cardiac output, VO2 is oxygen uptake, and CaO2 and CMvO2 are arterial and mixed venous oxygen content, respectively. Patient weight, height, hemoglobin content (Hb), PO2 of arterial (PaO2) and mixed venous blood (PMvO2) were entered intermittently, along with a correcting factor (Fo) for the difference between pulse oximeter and the percentage of oxyhemoglobin (HbO2) measured by a cooximeter. Every 2-6 h arterial and mixed venous blood gases and hemoglobin were analyzed immediately after sampling with a Radiometer ABL 520, which includes a cooximeter. These values were then entered into the computer system and into the mixed venous oximetry system for calibration. Thermodilution cardiac output computation was performed by the cardiac output computer of the Abbott Oximetrix III. Study protocol consisted of the giving of three iced 5%-dextrose injections at end expiration. Injection volumes were 3 ml or 5 ml, according to the patient's weight. Simultaneously with each injection, the Fick cardiac output was noted and the three measurement averaged. The examiners performed cardiac output measurements blind to the results of the other method. The study protocol was approved by the Institutional Review Board.
Patients
Twenty-five infants and children, aged 1 week to 17 years (median I0 months), weighing 3.4-40 kg (median 6.4 kg) were studied following corrective cardiac surgery. Eight patients underwent repair of an atrioventricular septal defect and 11, of a VSD. None of the patients had a significant residual shunt as demonstrated by color Doppler echocardiography. All patients were nasotracheally intubated and were mechanically ventilated with a Siemens Servo 300 or 900C ventilator (Siemens-Elema, Sweden) with an inspired oxygen concentration of less than 50%. In all patients, a French 4-fiberoptic catheter was placed intraoperatively for postoperative monitoring of the mixed venous 02 saturation [4] . Only patients without an audible endotracheal tube leak were included in the study Eli, 12] .
Statistical analysis
For the statistical evaluation of the agreement between the thermodilution method and the continuous Fick cardiac output method, only one randomly assigned, paired measurement of each patient was used. The difference between every thermodilution or continuous Fick cardiac output measurement and its mean was determined and the result were plotted against one another. Agreement between the two methods was estimated by calculating the mean difference between them __ 2 SD, as suggested by Bland and Altman [13] . The difference between the two measurements of each pair was evaluated not only in absolute values but also as a percentage of the average cardiac output of each pair: percentage difference= cont. Fick CO-thermodilution CO (cont. Fick CO + thermodilution CO)/2 x 100
Reproducibility studies in adults have shown that a difference of 15% (using three determinations for one measurement) between successive measurements is necessary to indicate a significant change in cardiac output [14] . For this reason, percentage differences > 15 % between thermodilution and continuous Fick cardiac output were regarded as clinically significant. For each method, the average of these standard deviations was calculated. The mean difference between the two methods was evaluated with the Wilcoxon signed rank test. The variability between the three measurements for one averaged cardiac output determination was calculated for each of the two methods as the mean difference and standard deviation in percent of the average cardiac output.
Results
In all patients, the system worked unproblematically. Cardiac output determinations ranged from 0.21 to 4.271/min for the continuous Fick cardiac output (CFCO) method and from 0.33 to 4.55 1/min for the thermodilution method. Linear regression analysis revealed a correlation coefficient r2= 0.98; P < 0.001; SEE = 0.14 1/min. The regression line is described by: CFCO = 0.05 + 0.94 x thermodilution CO; (CO: cardiac output) (Fig. 1) . Despite this good correlation, the difference between the two methods _+ 2 SD = -0.05 _+ 0.321/min or -4.4 _+ 21.3% of the mean cardiac
